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Objectives: To characterise changes in blood flow in the major cerebral arteries before and after carotid endarterectomy 
(CEA). 
Design: Prospective, non-randomised, observational study. 
Materials: Twenty-nine patients with symptomatic, unilateral, severe stenosis of the internal carotid artery (ICA) 
undergoing CEA and 16 control subjects. 
Methods: Quantitative blood flow volume measurement using magnetic resonance angiography (MRA) on both 
symptomatic and asymptomatic sides in the common carotid artery (CCA), ICA, and middle Cerebral artery (MCA) and 
in the basilar artery, 1 week before and 3 months after CEA. 
Results: Before CEA, blood flow was decreased on the symptomatic side in the CCA, ICA, and MCA as compared to 
the contralateral side and to control subjects (p<O.O01). After CEA, flow on the symptomatic side in the CCA, ICA, and 
MJCA was increased to normal evel (p<O.O05) and Jtow in the basilar artery was decreased tonormal evel (p<0.005). 
Conclusions: These results demonstrate that arterial blood,flow to the symptomatic hemisphere is decreased in patients 
with severe ICA stenosis. CEA restores arterial blood,flow, rendering cerebral blood flow less dependent on collateral flow 
through the basilar artery. MRA -flow measurements provide new insight in the complex haemodynamcis of the extra- 
and intracranial circulation. 
Key Words: Magnetic resonance angiography; Flowmetry; Cerebral arteries; Carotid endarterectomy; Cerebrovascular 
disorders physiopathology. 
Introduction 
Severe stenosis (>70% diameter reduction) of the in- 
ternal carotid artery (ICA) often leads to ischaemic 
cerebral damage. Both thrornbo-embolic and haemo- 
dynamic auses, individually or in combination, are 
considered important in the pathogenesis of neuro- 
logical events in patients with extracranial cerebro- 
vascular disease. It has been shown that the severity 
of the stenosis is related to the risk of stroke. This may 
on one hand be explained by a high-grade stenosis 
being more likely to shed emboli, but on the other 
hand also by the increased interference with normal 
perfusion to the brain. At the moment, however, the 
exact pathogenesis of neurological symptoms, whether 
transient ischaemic attacks or strokes, remains unclear. 
Despite this uncertainty, carotid endarterectomy 
(CEA) has been shown effectively to prevent stroke in 
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symptomatic patients with a severe stenosis of the 
ICA. 1'2 However, in the individual patient the currently 
available techniques of evaluating cerebral perfusion 
and function have not provided a reliable means of 
predicting the neurological consequences of an ICA 
progressing toocclusion or being clamped. This is due 
to the highly variable and complex pattern of the 
collateral supply to the brain. Better insights in these 
compensatory mechanisms could !mprove patient se- 
lection for treating carotid or vertebral arteries. Also, 
objective methods are lacking to establish, or monitor 
during follow-up, the effect of carotid desobstruction 
on cerebral perfusion. 
With the advent of magnetic resonance angiography 
(MRA), quantitative flow volume measurements of the 
majaor cerebral arteries has become possible. The aim 
of this study is to describe changes in blood flow in the 
major cerebral arteries before and after carotid en- 
darterectomy (CEA) as measured by MRA, and to com- 
pare the results with similar measurements in an age 
matched normal control population. 
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Patients and Methods 
Between February 1995 and February 1996, all patients 
scheduled for carotid endarterectomy were considered 
for inclusion, but only patients with a unilateral, symp- 
tomatic internal carotid artery stenosis of more than 
70% were asked to participate. This was to avoid 
confounding flow patterns from contralateral disease. 
Patients with a contralateral severe stenosis or oc- 
clusion were excluded. There were 20 male and nine 
female patients ranging from 45-76 years of age 
(63.4 + 9.8 years, mean_+ S.D.). All patients had suffered 
transient ischaemic attacks (TIA) or minor ischaemic 
stroke ipsilateral to the side of the diseased ICA (17 
left, 12 right). They were investigated within 12 weeks 
after the onset of symptoms. 
Quantification of the carotid artery stenosis was 
based on intra-arterial digital subtraction angiography 
according to the NASCET criteria. 1All patients were 
operated on under general anaesthesia with intra- 
operative EEG and transcranial Doppler (TCD) mon- 
itoring. All operations were uncomplicated and there 
were no ischaemic events postoperatively. Patients 
were investigated 1 week before and 3 months after 
CEA. 
The control group consisted of 16 subjects (11 male, 
five female) visiting the neurological outpatient clinic 
for non-cerebral complaints (lower back pain). The age 
range was 49-81 years (59.2 _ 11.2 years, mean + S.D.). 
None of the control subjects had suffered a cerebral 
event and MR imaging of the brain was normal in all 
of them (no white or grey matter signal abnormalities 
on T1- and T2-weighted MRI). On MR angiography 
all control subjects howed normal carotid bifurcations 
without any sign of atherosclerotic lesions in the com- 
mon, internal and external carotid arteries. Study pro- 
tocols were approved by the Human Research 
Committee of our hospital. 
MRI and MRA 
MR imaging (MRI) and MR angiography (MRA) stud- 
ies were performed on a Philips Gyroscan ACS-NT15 
whole body system operating at 1.5 tesla. For MRI 
we made 19 sagittal T1 weighted scout slices (slice 
thickness 4mm, 0.6 mm slice gap, repetition time (TR) 
545 ms, echo time (TE) 15 ms) and 15 transaxial T2 
weighted slices (slice thickness 7mm, 1.5mm slice 
gap, TR 2000 ms, TE 20 and 100 ms). 
Quantitative flow measurements were performed in 
the common carotid arteries (CCA), in the ICAs, in 
the basilar artery, and in the middle cerebral arteries 
(MCA). All subjects underwent he same MICA pro- 
tocol. First, two non-triggered 2D phase contrast (PC) 
MRA survey scans in coronal and in sagittal orientation 
were performed to visualise the common carotid ar- 
teries, the carotid bifurcations, the ICAs, the external 
carotid arteries (ECAs) and the circle of Willis (sagittal 
orientation: two slices, slice thickness 50 mm, -5 mm 
slice gap (overcontiguous slices), field of view (FOV) 
250 x 250 ram, TR/TE 14/7ms, flip angle 20 °, velocity 
sensitivity (Vent) 30cm/s and four averages, in the 
coronal orientation we used a single slice (thickness 
60 mm) with the same parameters). Thereafter, two 
2D PC single slices for quantitative flow measurement 
were positioned. One slice was positioned per- 
pendicular to both CCAs and the other slice per- 
pendicular to the C3 segments of the ICAs and to the 
basilar artery (slice thickness 5mm, FOV 250 x 250 mm, 
TR/TE 16/9ms, flip angle 7.5 °, velocity sensitivity 
100 cm/s and eight averages). Quantitative flow meas- 
urements were performed with previously optimised 
scan protocols featuring aradio-frequency spoiled gra- 
dient echo sequence with full echo sampling. 3 These 
measurements were followed by a 3D time of flight 
(TOF) MRA measurement of the circle of Willis (50 
slices, slice thickness 0.6 mm, FOV 100 x 100 mm, TR/ 
TE 32/7ms, flip angle 20 °, and two averages). On the 
basis of the reconstruction f the circle of Willis in three 
directions, two 2D PC single slices were positioned 
perpendicular tothe left and right MCA (slice thickness 
5 mm, FOV 250 x 250 mm, TR/TE 17/10 ms, flip angle 
8% velocity sensitivity 70 cm/s and 24 averages). The 
diameter of the anterior cerebral arteries and the pos- 
terior cerebral arteries were too small to perform re- 
liable flow measurements. All volume flow data were 
obtained by integrating across manually drawn re- 
gions of interest enclosing the vessel umen as closely 
as possible. All images were evaluated by the same 
reader. Total patient ime, including patient handling, 
was 35 min, from which about 15-20 min was used 
for MRA. 
Statistical Analysis 
Flow values are expressed in ml/min as median (in- 
terquartile range) and analysed using non-parametric 
tests. Differences in blood flow between patients and 
controls were compared using the Mann-Whitney test 
(corrected for ties). Paired differences between pre- 
and postoperative measurements and between the 
symptomatic and contralateral values were tested 
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Table 1. Pre- and postoperative flow values in patients undergoing carotid endarterectomy compared to normal control subjects. 
Artery Pre CEA (n =29) Post CEA (n =29) Controls (n = 16) 
Median Range*[ Median Range~ Median Range~ 
CCA: symptomatic 259tt-~ 173-341 391"* 315-489 397 378-450 
CCA: contralateral 377§§§ 328-439 414 390-462 397 378-450 
ICA: symptomatic 101ttt 87-138 226** 168-270 240 194-281 
ICA: contralateral 188§§§ 157-312 241 197-282 240 194-281 
MCA: symptomatic 70t i t  37-104 98"*t 83-128 133 117-152 
MCA: contralateral 114t§§§ 73-135 121 98-140 133 117-152 
Basilar artery 162 117-267 137'* 90-159 127 108-142 
Total blood flow 494 404-609 607* 552-681 588 516-701 
~Interquartile range (25th-75th percentile). CCA = Common; ICA = internal carotid artery, MCA = middle cerebral artery. Total blood flow 
is sum of bilateral ICA and basilar artery. 
t=p<0.05; ~-tt=p<0.001 patients versus controls; *=p<0.05; **=p<0.005 post versus pre CEA; §§§~p<0.001; contralateral versus 
symptomatic side. 
using the Wilcoxon rank test. Spearman's test with tie- 
correction was used to calculate correlation co- 
efficients. A p-value <0.05 was considered statistically 
significant. 
Results 
p = 0.162, respectively). After CEA, flow in the basilar 
artery also decreased to normal evel (p<0.005). Total 
cerebral blood flow, as calculated by summing bilateral 
ICA and basilar artery flow, increased after CEA from 
494ml/min-607ml/min (p=0.027) with a control 
value of 588 ml/min. 
Table 1 summarises the pre- and postoperative flow 
in patients and the flow values of the control subjects. 
Before CEA, blood flow was significantly decreased 
on the symptomatic side in the CCA, ICA, and MCA 
as compared to the contralateral side (p<0.001) and 
as compared to the control group (p<0.001). On the 
contralateral side we only found a significant decrease 
in the MCA (p = 0.023). The overall preoperative me- 
dian flow in the basilar artery was increased (162 ml/ 
rain) as compared to the control group (127 ml/min), 
but this failed to reach statistical significance (p= 
0.096). In 16 out of 29 patients (55%), ICA flow was 
decreased by more than 30% as compared to the 
contralateral side. 
After CEA, flow in the CCA and ICA on the symp- 
tomatic side increased significantly (p<0.001), and re- 
turned to tile normal range as represented by the flow 
values in the corresponding control (p=0.877) and 
contralateral rteries (p =0.272). Median MCA flow 
on the symptomatic side (70 ml/min) also increased 
significantly after the operation (98 ml/min, p<0.005), 
but did not reach normal level (133 ml/min). Post- 
operatively, the MCA flow on the symptomatic side 
remained ecreased as compared to both the control 
population (p =0.011) and the contralateral side (p = 
0.082). The median contralateral MCA flow, which 
was also decreased preoperatively as compared to 
the control values, now reached a level (121 ml/min) 
somewhere inbetween the preoperative (114 ml/min) 
and the control values (133ml/min), (p=0.265 and 
Discussion 
Only a few studies exist using phase contrast MR 
angiography (PC-MRA) for cerebral blood flow assess- 
ment, as this is a relatively new technique. 4-11 No 
standard method of measuring blood flow in the in- 
dividual cerebral arteries is available against which 
the MRA obtained flow values can be validated. In 
vitro validation and comparative in vivo measurements 
of other vessels serve to prove the accuracy of this 
method. 3'1a'13 Added support for the accuracy of PC- 
MRA flow measurements comes from accumulating 
data showing similar results for flow volumes in cor- 
responding arteries and settings. For normal subjects, 
the reported flow volumes of the CCA, ICA, and 
basilar artery cluster around 400, 250-300, and 150 ml/ 
min, respectively. 5'6'~1'14 The only reported mean MCA 
flow in 10 healthy volunteers was 127 ml/min, 6which 
is also in agreement with our results (mean: 132 ml/ 
min). In general, the flow volumes in our age-matched 
control population were somewhat lower than the 
values previously reported. This is probably due to 
our control subjects being older than those described 
in the literature. Several studies have reported a decline 
in cerebral blood flow with advancing age. 1s'16 Total 
blood flow as measured by other methods (750 ml/  
min), 17 is also in agreement with the PC-MRA method: 
about 600 ml/min in our age-matched control popu- 
lation and about 700 ml/min in the literature# '6'1~'14 
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Blood flow was significantly decreased on the symp- 
tomatic side. If only symptomatic patients with a >70% 
stenosis from two other studies 5"1° are considered, the 
results are remarkably similar to ours. Our study also 
demonstrated decreased ipsilateral hemispheric flow 
in the majority of symptomatic patients with a >70% 
ICA stenosis, suggesting that such a stenosis has 
haemodynamic consequences. 
The importance of the circle of Willis as a collateral 
in patients with severe stenosis of the ICA has been 
recognised for many years, 18 but only recently MR 
imaging has provided more detailed information on 
the direction of flow in the various segments of the 
circle of Willis. ~° A relation between low-flow infarcts 
and abnormal flow patterns has demonstrated the 
importance of the anterior communicating artery 
(ACoA) and the posterior communicating artery 
(PCoA). s'9 Our data supports the importance of the 
posterior communicating artery as a collateral for de- 
creased ICA flow. The importance of the anterior 
pathway is not disputed. It should be noted that 
hypoplasia or absence of one or both ACoA or PCoA 
is common and that a functionally incomplete circle 
of Willis is not unusual. 19 
Although not statistically significant as compared 
to the control subjects, the total cerebral blood flow 
(CBF) before CEA of the patients in our study was 
decreased. This may indicate incomplete com- 
pensatory supply to the brain, but it is stressed that 
several known collateral pathways, such as the oph- 
thalmic arteries, were not included in MRA assess- 
ment. Another theory is that recurrent small infarctions 
(TIAs) may lead to relatively hypoperfused areas in 
the brain. These areas may have decreased metabolism, 
which in its turn may be responsible for the decreased 
hemispheric flow volume. 2° On the other hand, patients 
with arteriosclerosis may have other reasons for de- 
creased cerebral blood flow not directly related to 
extracranial rterial disease. 
To our knowledge, this is the first study showing 
decreased flow in the symptomatic MCA as compared 
to the control subjects. In addition, flow in the contra- 
lateral MCA was also decreased. This again may be 
indicative of abnormal flow patterns in patients with 
arteriosclerosis outside the distribution of the ob- 
viously diseased artery. Another explanation, how- 
ever, may be that a pressure drop in the circle of Willis 
due to collateral pathways being unable to supply the 
deficit leads to decreased perfusion of all centrifugal 
arteries (ACA, MCA and PCA). If this is the case, the 
decreased contralateral MCA flow may be an indicator 
of inadequate collateral blood supply, a phenomenon 
that for physiopathological reasons could be labelled 
"contralateral steal". 
The standard error of the MRA flow measurements 
is not dependent on the flow volume itself but on the 
calibre of the vessel assessed. Therefore, flow measured 
in the MCA is subject o a larger standard error as 
compared to the other arteries and caution is required 
when interpreting MCA flow data. 
After CEA, flow on the symptomatic side in the CCA, 
ICA, and MCA increased significantly, confirming the 
operation achieved its objective of improving flow. 
Basilar artery flow decreased significantly (p<0.005), 
redistributing collateral flow through the posterior 
segments back to the ICA. Whereas the CCA and 
ICA flow returned to their normal range, the MCA 
remained ecreased on the symptomatic side. It may 
be speculated that this is related to irreversibie damage 
in certain parts of the symptomatic hemisphere in 
some patients. 
There is only one other study reporting on PC-MRA 
flow measurements before and after CEA. 7 In this 
study, 18 CEAs were performed on 16 symptomatic 
patients. Only 11 of the 18 ICAs studied had a >70% 
stenosis. Mean ICA flow increased from 143ml/ 
min-233 ml/min; mean values in our study increased 
from 111 ml/min-221 ml/min. Contrary to our results 
for the basilar artery, no change in the summed ver- 
tebral artery flow was found (233 ml/min before and 
230 ml/min after CEA). The difference in results may 
be a consequence of more severe ICA stenosis in our 
study. The pre- and postoperative measurements are 
also in agreement with the historical data of flow 
measurements during CEA using electromagnetic flow 
probes: ICA flow before CEA 133 ml/min and after 
212 ml/min. 2~ 
Redistribution ofcollateral blood flow from the ECA 
to the ICA immediately before and after CEA has been 
suggested using transit ime ultrasound flow probes. 22 
In this particular study, measurements were taken 
under non-physiological circumstances (general an- 
aesthesia). In addition, only the operated carotid bi- 
furcation was measured and no information was 
available on what happened on the contralateral ca- 
rotid and vertebral arteries, and in the circle of Willis. 
Furthermore, the ECA flow may have been obstructed 
by residual ECA lesions or intimal flaps after the 
endarterectomy, imicking the effect of redistribution. 
The CBF in patients with severe carotid lesions has 
been studied extensively using MRI, SPECT, PET and 
133Xe radionuclide CT. The CBF correlates poorly with 
the degree of carotid stenosis, 23presumably because 
the primary determinants of the cerebral perfusion 
pressure are the adequacy of collateral pathways and 
the vasodilatory capacity rather than the severity of 
the stenosis. 
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Flow values in our study are lumped data describing 
overall trends. The population with symptomatic ex- 
tracranial cerebral artery stenosis is highly variable. 
There is individual variation in the haemodynamic 
and/or embolic significance and the type of the lesion 
and its relation to symptoms and the response to CEA. 
With better understanding of flow distributions in 
the major cerebral arteries and the circle of Willis, 
individual patterns of collateral pathways and flow 
dependency may be discerned. This may lead to a 
more appropriate use of vascular intervention. 
In conclusion, the results of PC-MRA quantitative 
flow measurements demonstrate that ipsilateral ar- 
terial blood flow is ~ decreased in symptomatic patients 
with a unilateral, severe ICA stenosis. CEA restores 
arterial blood flow, rendering cerebral blood flow less 
dependent on collateral f ow through the basilar artery. 
MRA flow measurements provide new insight in the 
complex haemodynamics of the extra- and intracranial 
circulation. This has the potential of improving patient 
selection of carotid and vertebral artery surgery. 
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